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SOME REACTIONS OF BENZO[a]PYRENE
Milton Dale Johnson
Lawrence Berkeley Laboratory :

University of California
Berkeley, California:

ABSTRACT

An induced nucleoph111c reaction between pyridine and |
benzo [a]pyrene to give the 6- pyr1d1n1um derivative has been -
obtained. The possible relationship of this reaction to
the xhechanism by which the carcinogenic hydrocarboh may
become bound to mucleophilic cellular components is dis-
‘cussed. The 220 Mz NMR spectra of the 6-iodo and 6—
pyridinium derivatives of benzo[a]pyrene have been inter-

preted.
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* INTRODUCTION

o Benzo[a]pyrene _is' a caxfcinegenic polynurclear.afomatic h}'rdrocarbbn.
Unlike most carcinogens’ it__is not an alkylating agent. It is, therefore,
genei'ally censide_red that this compound must be. activated in some manner
“such that it will react with nucleophilic cellular components.

‘Cavaliefi and Calvin have vproposed that the carcinogenic actlon

of benzo[a]pyrene BaP may arise from aryl hydroxylase induced b1nd1ng

to cellular c:omponents ~ The theory proposes that electrophilic attack
by p051t1ve oxygen, produced in the hydroxylase system, occurs at the
mst reactive 6 pos:.tlon of the hydrocarbon to give a carbonlum ion,
locallzed primarily at the 1 and 3 positions, which could undergo attack
Ey-mxcleophilic cellular components. Alternatively, if steric factors
become importaht-, ir_u’.tial 'electrophilic attack could occar at 1 or 3
followed by nﬁcléophilic reactioh atr the 6 position

‘The purpose of the research described herein has been to prov1de
supportive evidence by fmd:ng a model reaction in wh1ch a nucleophilic
bmd.mg to BaP is mduced A system was sought in which an electrophile,
E, would attack the 6 pos1t10n and a nucleophlle N, would then react
with the carbomum 1on generated by that attack This is 111ustrated in
F1gure 1 for interaction beu::een positions 6 and 1. The dlhydro- |
dJ.substltuted compowld could then rearomatlze by undergomg elther
) oxldatmn to the dlsubstltuted compound or elimination of HE to glve

BaP bound covalently to the nucleophile.
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Initial efforts centered on extehding pyridine-N-oxide photolysis,
descrlbed by Jerlna for reactions with benzenes end naphthalene as a
nndel for enzymatic aryl oxidation, to benzo[a]pyrene In that system,
for example pyridine-N-oxide, upon 1rrad1at10n with 2537 A ultraviolet
light, reacts with naphthalene to give 1,2~naphtha1ene oxide and 1-
naphthol. With BaP this system was not useful since mumerous products

~were obtained. This aromatic compound absorbs strongly and some of the
numerous products may arise from excited state reactions of the hydro-
carbon rather than from reaction with the excited pyridine-N-oxide molecule.

A model system was then sought where the initial electrophilic attack
would be selective and where a nucleophile could also be present in the
system,' The possibility of using a pseudohalogen was investigated.
Iodihe‘nitrate, generated "in situ" from silver nitrate and iodine, adds
to Az-cholestene'to give So—iodo?28-hydrokycholestane nitrate‘ester.4
Also, it has been‘reported5~that iodonium nitrate in chloroform-pyridine
solution adds to olefins to give, depending upon the structure of the
substrate, either iodo-aliphatic nitrate ester, iodo-alkane pyridinium
nitratesvor alkene pyridinium iodides.

Rather than generate the reagent each time a reaction was attampted
the solid compound iodine dlpyrldlne nitrate was prepared follow1ng the
procedure descr1bed6-for bromlne orvchlorine'dipyridine nitrate. ' That
Teagent was ‘then employed in reactlons with benzo[a]pyrene. It was hoped
that such reactions might lead to formatlon of nitrate ester or pyr1d1n1um

derivatives in the manner indicated previously.



RESULTS

When an equimolar quantity of iodine d1pyr1d1ne nitrate was added
to a solution of BaP in chloroform a rapid reaction ensued produc1ng
6—1odobenzo[a]pyrene in nearly quantitative yield. Total reaction
time éit room temperatuxe was about ten_nljnuteé." The same reaction
occurred in methanol and dimethylformamide solveuts, but requiredr up

to twenty-four hours to proceed to '(.:ompletion._.' In pyridine, no reaction
with BaP occurred even after standing at room'tempe_rature for two weeks.

Reactions conducted with two equivalents of iodonium compound for
each equivalent of BaP in chloroform-pyridine mixtures, containing 1 to
5% pyridine, however, provided high yields of a pyridinium benzo[a]pyrene
derivative. Subsequent analysis revealed thét‘thé pyridine uas bound to
: the 6 pos1t10n of BaP and not the hoped for 1 or 3 p051t10n In some
cases 6 iodobenzo [alpyrene was also formed.

Reaction in acetonitrile led to low yields uf the 6-pyridinium

derivative and no apparent formation of the iodo compound.
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DISCUSSION

Nature of the ‘Reagent - [I(Cgﬂ 2] NOS——

‘Iodine dipyridine nitrate is prepared by adding a solutioo of silver
nitratevin pyridine—chlorofbrm'to a solution of iodihe iﬁ chloroform.
Silver iodide precipitates and is removed by filtration. Addition of
ether causes the iodonium compound to seperate as an oil which then
solidifies. o

Available evidence suggests that the bispyridine iodonium ion is
centrosymmetric, 1ineaf, and planar. The crystal structure of iodine
dipyridine heptaiodide has been determined Centrosymmetrlcal cations,
(py-I- PY) , which are at least nearly planar, were identified. A detailed
1nvest1gat10n of iodine dlpyrldlne tetrafluoroborate by IR and Raman
spectroscopy has been performed. 8 Mull spectra indicated coplanarlty of"
the two llgand rings and some evidence was found that coplanarity persists
in solution. The NMR absorptions for iodine dipyridine nitrate, Table 1,
occur at p051t10ns 1ntermedlate between those of pyr1d1ne and N-methyl-

pyr1d1n1um iodide. ThlS is consistent with a 51ngle positive charge

vbelng shared between the two 11gands

In chloroform contalnlng small amounts of pyridine- dS’ two sets of
absorptlons are observed in the NMR.. One correSponds to pyridine coordi-
nated with 1odon1um ion and one‘corresponds to free pyridine. ‘Thus,

exchange occurs under these conditions but is slow on the NMR time scale.

FIn pyr1d1ne d as the only solvent “only one ‘set’ of absorptions lylng at




Tabie 1. NMR Absorbtions for Pyridine and Pyridine Derivatives

A Comggund Solvent Hoe  _Hp Hy

~ pyridine " neat 8.60  7.10 7.48
pyridine® - CDCl;  8.64  7.29  7.69
(I(C5HsN) ) tNO3 © . CICl; C 8.92 7.66  8.27

N-methylpyridinium iodide MeOH 9.08 - 8.20 8.67

(I(CSHN),)*NO3 + CsDsN — CDCl,  8.90° 7,73 8.27
sl T T > gleed 73 7m

(I(CsHsN)2)*NO3 ©  CsDsN 876 7.25  7.61

a) 5% pyridine

"~ b) 20mg/ml -
¢) coordinated in (I(C5H5N)2) NOS
d) free pyridine -

e) 25mg/ml
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pesitiOns intermediate between those of neat pyridine and iodine dipyridine
nitrate in CDCl3 are present Not surprisingly, the rate of exchange has

1ncreased such that an average spectrum is observed Exchange may occur

via the follow1ng equilibrium:

L+ + +
(py-I-py)- —_— _(py-I)_ PP e==1 +2py

-Of interest, also, are the Lewis structures shown below

'whlch are analogous to I3 and I, or Br,, respectively.

SOlld iodine dipyridine nitrate is stable for up to six weeks when

kept dry' After some time an additional unexplained absorptlon can be

'seen in ‘the NMR. The preferred method of storage is to keep the compound

41n an open container placed in a dessicator which has a small vent open to

the air. ‘The analogous bromo derivative when placediin a closed bottle -

decomposed_explosively about twenty hours after it was prepared.

Effect ef'Variables on the Products Obtained

Benzo[a]pyrene and iodine dipyridine nitrate react to give either the

~ 6-iodo or the 6-pyridinium derlvatlve or a mixture depending upon reactlon

condltlons Effects of solvent, concentratlons, and ratios of reactants
were 1nvest1gated and are summarized in Table 2.
In chlorofonn, equivalent amounts of iodoniUm ‘reagent and BaP react

within ten m1nutes to glve 6- 1odobenzo[a]pyrene in nearly quantltatlve

A yield. A trace (<0.1%) of the 6- pyr1d1n1um derlvatlve is also formed.



'Tab;g 2, Effect of Reaction Variables on Product Formation

"~ Concentration

of BaP -

. 7

1mg/ml
0.5mg/ml
- Smg/ml

1mg/ml

EQ$éf;52212§7
py/BaP’ (py-I-py +,{BaP

32

6l

30

Yield
Solvent I-BaP py-BaP

1

1

1

cnciB 99  trace

MeOH 95
DMF 95
- pyridine no reaction

1% py/CHCl; 50°  50°

" 95

5% py/CH013 95
[1] 50
'cH3cu 10

1, added pyridine, 2, approximate yields.
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Very 'high yields of 6-iod0benzo'[a]pyreﬁe aré aiéo' ‘obtained in methanol
and d‘i_méthyllformamide, although reaction times ufn to 24 hours are
required. .I'n..py"ridine, no reaction was detected even after 2 weeks at .
room temperature. Reaction in acetonitroleb leads to low yields of thé
' 6¥pyridinimn derivat'ive and no iodo compound. o
| When pyr1d1ne chloroform mlxtures contalnlng 1 to 5% pyrldme are
employed as solvent either a mxture of iodo and pyrldmlum derivatives
.are obtained or the pyridinium derlvatlve may be obtamed as the major
product (95% yield). Again, the reactlon times are much slower tha.n the
reaction in chloroform alone and require perlods up to 24 hours for com-
pletlon. In 1% pyridine the concentration of reactants must be kept low
and a pyridineA to BaP ratio of ca. 60 to 1 is r_eqﬁired to maximize for-
mation of fhé pyridinium derivative. Higher reactant concentrations and
lower pyfidine to BaP ratios (30:1) ‘may be used when 5% pyridine in
chloroform is the solvent. | Two equivalents of 1odon1um reagent are
~requ:.red Reaction with one equivalent glves a 50% yield of pyrldmlum
derivative and leaves 50% unreacted BaP. Apparently, the overall reactlon
may be descrlbed by the followmg equations:

g + - Py~ CHC13 + + -
BaP + [I(CSHSN)Z] NO; ——— Py-BaP + 1+ H' + Nog

. + __AA L I+2 ‘+NO-

or

BaP + 2[I(CH N)Z 0y — py-BaP + I, + HNOg + N03
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Possible Mechanisms

The formation of 6-iodobenzo[a]pyrene can be explained as electro-
philic afomatic substitution, Figure é. Attack by the electrophilic
halogen on_the aromatic compound leads to formation of a sigma complex
which ioses a prbton to_give the 6-iodo derivafive. Either or both of
two spécieé, I or’(pyjI)+, may be the reactive eiectrophile. Reaction
with P;;I would.be analogous to the mechanism of bfomination with Br,..

Two possible mechénisms for the formation of the 6-pyridinium deriva-
tive ﬁill be discussed. They are an ionic addition-elimination mechanism
and a radical mechanism, Figure 3. Both schémés may involve initial for-
mation of a w-complex or charge-transfer complex,: The complex shown in
Figure 3 is analogous to known complexes between halogens and benzene,
but thevexact structure of the particular complex involved in these
reactions has not been determined.

The 6-pyridinium derivative is not formed via Some reaction of the
6-iodo dériVative since the latter compound is stable under the reaction
conditions.

Ionic addition-elimination. In order to ekplain the formation of the

6-pyridinium derivative by an ionic mechanism, one must assume that under

conditions favoring formation of the pyridinium derivative initial electro-

philic attack occurs at some other position. The initial attack, shown in

 Figure 3 for the one position, would be followedvby addition of pyridine
to give an intermediate dihydro-disubstituted adduct which eliminates HI.
Two questions arise: why would the position of attack change and, if

initial attack does occur at some other position, why is addition favored

over substitution which would give, for example,léhellfiodo derivative?
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Figure 3. Pos_si'ble Routes to the 6-Pyridinium Derivative.
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The p051t1on of attack might change for steric reasons, since a-
bulkier reagent could be mvolved Steric factors are important since
acylation with succinic anhydride and aluminum chloride gives the product
with substitution in the 1'—position.'9 The possivble. involvement of dif-
ferent size attacking species arises from further consideration of the

equilibria:

) == oy Dt py = "+ 2py

If formation of 6-iodobenzo[a]pyrene arises from attack by I*, the equili-

brium in pyridine-chlomfom will be displaced to the left and the bulkier

(py_-I)+ ion could be postulated to attack at the 1-position to result in

. formation of the 6-pyridinium derivative.

.The iarge excess of pyridine present in the reaction mixture may play
a second role. It may provide conditions where the rate of addition of
pyridine is faster than the rate of elimination of a proton from the sigma
complex formed initially. The dlhydro disubstituted compound thus formed
would then undergo elunlnatlon of HI to glve the py -idinium derivative.

In pyndme, the equ111br1_u;n will be displaced further to the 1ef1:

and the concentrations of the reactive species, (py-I)+ and I+, will be

extremely small and no reaction with BaP is detected.
Radical. A radical mechanism which explains the formation of a 6-

pyridinium derivative can also be postulated. Initial interaction of

.1odomum reagent w1th BaP takes the form of a charge -transfer complex

which may react d1rect1y W1th pyridine or undergo an actual electron
transfer to give the radical cation of BaP and an iodine atom. Reaction

of pyridine with the radical cation results in formation of the »6-pyridi.ni'um |

derivative. The interaction of pyridine with the radical cation of BaP to.
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~ give the 6-pyridinium derivative has been reported.10 In that study, BaP

and pyridine on silica plates were exposed to iodine vapor. A one electron

oxidation of BaP by iodine led to the radical cation which was trapped by
reaction with ‘pyridine. The simple iodine reaction, however, does not
proceed under the conditions employed in this study. .
| No radical was detected in reaction mlxtures placed in the cav1ty of
an EPR spectrometer. Although thlS result does not support the idea of a
radicél.mechanism it does not rule it out. The amount of radical present
at any given time may be too small to detect; these reactions require up
to 24 hours to reach completion. |
Evidence. for the formation of a charge-transfer type of complex was‘
found by N\R studies. In compleXes the position$ of absorption for both
donor and'acceptor protons are displaced upfield from the positions of

the non-complexed parent m.olecules.11

This type of displacement was found
for the 1nteract10n of BaP and bls(pyrldlne)lodonlum ion.

Solutions containing BaP in 5% pyridine-chloroform were prepared and
the 220 MHz NMR Spectra were obtained. Addition of iodine dipyridine
nitrate caused the spectre to shift upfield by as much as 10 Hz at I+/BaP
ratios of 20/1 and caused the relative chemical shifts of the various
protons to change slightly. For example, the separatlon of the halves of
the AB-quartet for protons 4 and 5 increases. Initielly the separation
between inside peaks was 9.5 Hz Addltlon of the iodonium reagent at a
2/1 ratlo caused the separatlon to increase to 11 Hz and at a 10/1 ratio
the separation 1ncreased to 14 Hz. Similar effects are apparent for
other protons.

In acetonitrile a shift of 4 Hz is seen for H6 of BaP when 2 equiva-

lents of (I(C DSN)2 NO are added and at h1gher ratios, 20/1, the shift
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increases to 15 Hz. Similar shifts are seen for the pyridine protons of
the iodonium reagent when BaP is added.
Similar shifts are seen in complexes with chloranil and trinitro-

toluene.

Structure Determination

6-Iodobenzo[a]pyrene. The position of substitution of this compound

was determined by'ultréviolet and nuclear magnetic resonance spectroscopy.

‘The UVFSpectrum is identical with that reported previously12 for the com-

. pound prepared by passing a solution of BaP and iodine in benzene through

an alumina colum. Detailed analysis of the 220 MHz NVR spectrum has made
the assignment unequivocal; By comparison with the spectrdm reportedls’14
for the parent compound, splitting patterns, couﬁling conétants, and double
resonance expériments all of the absorptions have been assigned.

In the parent compound (Figure 4A) a one’préton singlet is observed
for the'Hydrogen in the 6-position; this is abséﬁt'in the spectra of the
iodo derivativev(Figure 4B). As in BaP, the ébsbrptions farthest downfield

are assigned to protonsAlO and 11 which are of the sterically crowded

' phenaﬁthrene type and are, therefore, abnormélly deshielded. 1> Also, the

two proton multiplet férthest upfield isvattfibuted to protons 8 and 9.

All aBSorptionS are downfield relative to their positions in BaP due,

presumably, to inductive electron withdrawal; nine are shifted between 0.1

:and 0.2 ppm and two, thoSe asSigned to. protons 5 and-7, are shifted 0.68
- and 0.64 ppm. The large shlft for protons 5 and 7 is comparable to that

observed for the analogous protons in 9- bromoanthracene,16 and can agaln.
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9.25 8.75 '8.25 775 7.25

PPM

XB8LT726-4661

Flg._tre 4. The 220 Mz NMR spectra of A) benzo [a]pyrene in CDC13

B) 6-1odobenzo [a] pyrene in tetra.hydrofuran and C). the 6 pyrldmlum d5

der;vatlve of benzo [a]pyrene in methanol.
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be attributed to steric crowding; in this case the so-called 'peri"
effect.17' Iodine has a Van der Waals radii of 2.15 & coinpared to 1.2 &
- for hydregen. Double resonance decoupling experlments have shown that-
the doublets at 9 25 ppm and 8. 48 ppm a551gned to protons 11 and 12,
- respectively, are indeed coupled as are the- absorptions at 8.12 and 8. 6i
ppm aSsigned to pfotons 4 and 5. The "trlplet" centered at 8.08 ppm is
‘ 3551gned to proton 2 and the doublets at 8. 36 and 8 26 ppm arise from
protons 1 and 3. All couplmg constants, J values, are llsted in Table 3
and are ’con_sistent_ with the assignments discussed above. The reason
- that the absorptlons for H, and Hll are unresolved multlplets rather

than doublets as in BaP and the pyridinium derlvatlve is not clear.

' 6-Pyr1d1n1wnbenzo[a]pyrene salts. ‘Analysis. of the 220 Mz NMR

spectra of the pyrldmlum derivatives prepared w1th pyridine- d5

Flgure 4C, and pyrldme Figure 5, reveal that the pyridine is bound at
the 6-p051t10n of BaP and that the plane of the pyr1d1ne ring is perpen-
dicular to the plane of the benzpyrene ring. The spectra are characterlzed
by the absence of a smglet due to the proton in the 6- p051t10n and by
the fact that H and. H, are shielded by 0.68 and 0.79 ppm relative to |

' then' positions in BaP. The lattet fact indicates that they are posi-
tioned above the plane.of the pyridine ring" All other protons on the
benzpyrene ring are deshlelded by 0.15 to 0.33 ppm. The alpha protons

on the pyridine ring, however, ‘are not abnormally shielded. They
apparently are positioned such that they are not affected by the ring
current of Ba.P and ‘their absorptions, as well as those of the beta and

A gamma protons, lie at positions consistent with that . expected for pyri-

dinium salts (see, for example, N-methylpyrldmlum 1od1de, Table 1).
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Table 3, NMR Coupling Constants

Coupled Protons

1,2

. 2,3
by5
7,8

S 9,10

11,12

a) Référence 14

J valués; Hz

9.0

8.1

8.6

9.1

I-BaF

7.4
7.6
9.1

9.0

7.5
7.9
9.3
8.4

8.2

9.1
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9.25 ' 8.75 8.25 . ‘ AL 7.25
: PPM | -
' XM 728-4862

Figure 5. The 220 MHz NVR spectrum of the 6-pyridinium derivative of

. benzo[a]pyrene. S S
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As for 6-iodbbénzo[a]pyrene, the assignments have been’madé'on the
basis of.compariﬁonvwith the parent compound, double resonance de-
coupiing experiments, coupling constants, and splitting patterns.
Absorptions assigned’to protons 11 and 12 and to protons 4 and 5 are
 indeed Coupled. Coupling constants are listed in Table 3.

-The appearance of the NMR spectra of these byfidinium salts is
sensitive to ﬁhe nature of thé anion. The SpeCfrum of the perchlorate
is very similar to that shown here for the nitrate, but is léss well
resolﬁed. Some of the chemical shifts cﬁange slightly, leading to

‘different degrees of overlap. -
- Thg ultraviolet spectrum of 6-pyridiniumbenzo[a]pyrene perchlorate
prepared in fhis study is identical to that reported in the literaturelo

- for the same compound.

£
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CONCLUSIONS

An induced nucleophilic binding to benzo[a]pyrerie has been ob-
tained. Factors affecting thé course of the réactiqn have been
invest_igéﬁed. Twopossibie mechanisns for the formation of the
pyridinitmi»derivative have been discussed. |

The 220 MHz nuclear magnetinresonance spectra of 6-iodobenzo-

[a]pyrene and of the 6-pyridinium derivative have been interpreted.
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EXPERIMENTAL

Iodine D1pyr1d1ne Nitrate, - (I(CSHSN)2 NO3

Solutlons of 2.54 g 1od1ne 10 mmole, in 150 ml chloroform and of
1.70 g AgNOS, 10 mmole in 3.20 g pyrldlne and 5 ml chloroform were pre—
,pared -After ooolmg both solutions below 15° C, the silver nltrate
solution was added to the iodine solut1on and the mixture was stirred .for
30 min_ute"sv.' ‘The silver iodide precipitate wa>5v then removed by filtration.
" Addition of ether caoséd the product to separate as an oil which solidi-

fied. A yield of 2.6 g or 75% was obtained.

6- Iodobenzo[a] py'rene

A solutlon of 152 mg iodine dipyridine nitrate, 0.44 mmole, i
chlorof_orm was added to 100 mg of BaP, 0.40 mmole, in 100 ml CHC13 at room
teuperato're. _ After 30 minutes the solvent wo,s remo: =d by using a ’rota‘ry |
evapox_'at:off Recrystallization from ‘benzon'e-meth:.anol‘ gave 141 mg of
product - 95% yield. '

Lielting' point - Literature: 12 214-215°C

~ Observed: 214-216°C
Elemental analysis - Calc: - C, 63.52; H, 2.93
|  Obs: C, 63.62; H, 2.97

Identical results were obtained usmg methanol and dimethylformamide as

solvent, except that reactiori times up to 24 hours were required.
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6-Pyridiniumbenzo[a]pyrene Salts

Reactions ieading to the 6-pyridinium derivative of BaP, | listed in
Table 2, were conducted in pyridine-chloroform mixtures and in acetonl-
trile. 'I'he products from reactions in pyridine- chloroform were isolated
by a series of extractions. Extraction of the reactlon mixture W1th
dlstllled water gave an acidic aqueous phase Wthh contained the pyridi-
nium derivative, pyridine, and nitric acid generated in the reaction and .
a chloroform layer which contained any u-nreacted BaP. The product. was
obtained by extractmg (10-15 washes) it back into chloroform and removing
the solvent in vacuuo. When acetonitrile was the solvent it was removed
by evaporation on a rotary evaporator. The residue was then dissolved
in chlorofom and the isolation procedure described above was followed.

The perchlofate was prepared according to Rochlitz's procedure10
by addition of perchloric acid to a methanol solution of the pyridinium
Ccompound. Addition of water causes the perchlorate to pr_ecipité.te. It
is then recrystallized from MeOH-CHC1 |

3‘
Melting point - L:'Lterat:ure:10 271-272°C
Observed: 270-271°C
Elemental ana.iysis - Calc: C, 69.85; H, 3.75; N, 3.26

Obs: C, 68.04; H, 3.93; N, 3.05



LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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